Abstract. The cast-steel joint is often used in a tree-like column structure to achieve smooth transition. Its performance is critical to ensure the whole structural safety. In this paper, the load bearing behavior of a cast-steel joint with three branches is investigated. First, a finite element model of the test joint was established by SolidWorks and analyzed by ANSYS considering the geometric and material nonlinearity. Then, the calculation formula for load-carrying capacity of the cast-steel joint with branches was deduced by the method of regression analysis, which is used for estimating the geometric parameters and load-carrying capacity at the stage of preliminary design of the cast-steel joint. Comparison analysis shows that there is a good agreement between the experimental result, the FEM result, and the prediction result from formula.
Introduction
The tree-like column structure has been widely used in engineering practice owing to its beautiful shape and excellent mechanical performances. Since the tree-like column structure was used at Germany Stuttgart Airport in 1991 [1] for the first time, a number of representative projects, such as the ION Orchard shopping center in Singapore (Fig.1) , the Stansted Airport in London, the Detroit Airport in USA, and the Shenzhen cultural center in China, has spread its usage quickly [2] . It is obvious that such joints play a critical role in tree-like structures. On the one hand, the whole upper structure is only supported through a single joint, and the tree-like structure will collapse if the joint is destroyed. On the other hand, many members including the trunk and branch pipes converge on the joint with smooth transitions, the force responses of such joints are complicated.
Cast-steel joint with branches is usually adopted in tree-like column structures [3] . Compared with welded tubular joints, cast-steel joint can avoid the residual stress due to complex welds at junctions, reduce the construction difficulty, and increase the construction speed of tree-like structures [4] [5] .
Although the application of casting steel for structures has been attracting continuous interests in the past decades, the research on the cast-steel joint is still at its early stage [6] . Full-scale experiments have been the direct and effective method to understand the performances of cast steel joints. Therefore, several experiments of the cast-steel joint used in important large-span steel roof structures were carried out, such as Shanghai South Railway Station [7] , Beijing national stadium [8] , and Chongqing Olympic Stadium in China [9] . Numerical analysis has been another approach to obtain complete map of stresses developed in cast-steel joints. The results of finite element analysis provide great helps for the design of cast-steel joint, such as the Cycling Gymnasium for Beijing Olympic Game [10] , Guangzhou New Railway Station [11] , and Tianjin Convention and Exhibition Center [12] . Eurocode 3 provided the component method, which allows one to evaluate the stiffness and resistance characteristic of the joint by assembling those of all the constitutive components [13, 14] .
The geometrical configuration of cast-steel joint with branches comprises of one main pipe and two, three or four branching pipes. It can be foreseen that the application of cast-steel joint with branches will be more and broader with the development of tree-like column structures. However, there are no relevant provisions in the existing building standards or codes by far, and the research on the mechanical performance, calculation theory and structural optimization of the cast-steel joint with branches is still scarce.
In this paper, a typical numerical simulation analysis of a cast-steel joint with one trunk and three branches was conducted. The distribution of the stress, the process of plasticity spreading and the failure mechanism of the joint were calculated by ANSYS. Moreover, the calculation formula for load-bearing capacity of the cast-steel joint with branches was deduced based on the method of regression analysis.
Numerical Simulation Analysis

Analysis Model
In order to understand the performance of the test joint comprehensively, the corresponding finite element model was established. As shown in Fig.2 (a) , the model of the joint was established by using the default ANSYS preprocessor at first. However, it is difficult to achieve a smooth transition between the main pipe and the branches. So the joint was modeled by the 3D modeling software SolidWorks to ensure that the established joint model is consistent with the actual joint, as shown in Fig.2 (b) . The established joint model was imported into the finite element software ANSYS for analysis. The material properties of the model were obtained from the material test. The elastic modulus of the material (E) is 2.0×105 N/mm2, the yield strength (fy) is 235MPa, and the Poisson's ratio (μ) is 0.3. The constitutive behavior of the material was chosen to be the ideal elastic-plastic model. The Von-Mises yield criterion and associated flow rule were used for the elastic-plastic analysis. To ensure the model boundary conditions capture the actual situation, the boundary conditions of the joint were set as following: the end part of the main pipe is fixed, and the ends of the branch pipes are fixed vertically. The load was applied to the end of the branch pipes in a manner of surface pressure.
After research and comparison, the three-dimensional solid element Solid65 was chosen from the ANSYS element type library. The element type has a quadratic displacement and it is suitable for irregular grid division. The finite element mesh of the joint is shown in Fig.2 
(c).
Analysis Results of the Joint
The finite element analysis was conducted for the case of the test joint. Fig.3 shows the stress contours of the joint when the load reaches 1000 kN, 2000 kN, 3000 kN, 4000 kN, 5000 kN respectively. From Fig.3 , it can be seen that the overall stress level of the joint under the 1000 kN load is low, and the maximum stress value is mainly distributed in the vicinity of the joint core area. The stress in the main pipe and the branch pipes is obviously less than the stress at the core area of the joint. The former is only 11.5% of the later. When the load reaches 2000 kN, the stress level of the joint gradually increases with the increasing load. It shows a linear increasing trend, and the maximum stress value is 219 MPa. When the load reaches 3000 kN, the yielding of the steel appears. However the yield region is only concentrated on three points in the chamfer between the branch pipe and the branch pipe. When the load increases to 4000 kN, the yield region expands outward. On the one hand, the plastic region becomes larger. On the other hand, the chamfer between the main pipe and the branch pipes also enters the plastic zone. When the load reaches 5000 kN, the expansion of the plastic zone on the joint is further increased, but it is still mainly concentrated in the vicinity of the joint core area. At this load stage, almost the whole core area of the joint enters the yield state. It can be concluded that the plastic hinge has been formed, and the load-displacement curve enters stage Ⅲ (Fig.4) . While the stresses at the main pipe and branch pipes are still relatively small, which are about 106 MPa. It indicates that stress is concentrated on the core region for the cast-steel joint with branches, which has a great influence on the ultimate load-carrying capacity of the joint. 
Effect of Joint Parameters on Compression Behavior of the Cast-Steel Joint
In order to investigate the influence of different parameters on the ultimate load-carrying capacity of the joint, a parametric study of controlling variables is conducted. The variable is changed one by one while other variables remain constant. The modeling results are shown in Table 1 , which could be summarized as: 1) Under compression, the ultimate load-carrying capacity of the fifth joint (J5) is the largest, reaching 5720.7 kN. The ultimate load-carrying capacity of the eighth joint (J8) is the least, reaching 1334.73kN. J8 and J5 have the same geometrical parameters, but the diameter thickness ratio (γ) of J8 is the largest, and that of J5 is the smallest. So the effect of the diameter thickness ratio (γ) on the ultimate carrying-load capacity of joints is the most significant.
2) When only θ increases while other variables remain unchanged, the ultimate carry-loading capacity of the joint is largely reduced. It shows that θ has a great influence on the ultimate load-carrying capacity of the joint.
3) When β and R3 gradually increase and other variables remain unchanged, the ultimate load-carrying capacity of the joint is greatly increased. It shows that β and R3 have a large influence on the ultimate load-carrying capacity of the joint too.
4) When L, R1 and R2 gradually increase and other variables remain unchanged, the ultimate carry-loading capacity of the joint is nearly unchanged. The largest amount of change is less than 5%. It shows that L, R1 and R2 have almost no influence on the ultimate load-carrying capacity of the joint.
5) According to the finite element modeling results, it is concluded that the influence of the geometric parameters should be fully considered when the load-carrying capacity of the cast-steel joint with branches is analyzed. The dimension parameter of the joint should be carefully selected to ensure the safety and reliability of the structure.
Load-Carrying Capacity Estimation of the Three-Branch Cast-Steel Joint
It is found in literatures the load-carrying capacity formulas for the welded tubular T-joints, the steel tubular XK-joints, the multi-planar KX-and KT-joints under axial load are all expressed as the product of the material yield strength and square of the pipe wall thickness. Therefore, the estimation of the cast-steel joint with branches can be expressed similarly as: 2 uy F KT f  (1) where Fu is load-carrying capacity of the joint; K is a parameter that contains the geometric parameters such as θ, γ and β of the joint; T is the pipe wall thickness; and fy is the material yield strength of the joint.
In Eq.
(1), expression of K is the research focus for different type joints. Since K is a comprehensive index reflecting the influence of various geometric parameters on the joint load-carrying capacity, it is no longer a single study of the relationship between K and Fu, but a multiple study of the relationship between each parameter and K.
Results of the finite element analysis show that L, R1 and R2 of the joint have little influences on the joint ultimate load-carrying capacity, so these three parameters are ignored during the analysis of comprehensive index K. According to the line charts between θ, γ, β and R3 and K respectively, as shown in Fig.6 , a regression analysis is conducted. The regression analysis is first conducted on the relationship between θ and Kθ. Through the regression analysis, the relationship between the sine value of θ and Kθ can be given as: 
(4) At last the regression analysis is conducted between R3 and KR3. According to the principle of dimensional analysis, it is required that the item of R3 contained in the formula is dimensionless. A dimensionless chamfer coefficient ρ is defined to consider the influence of R3, which is shown as:
where d is the outer diameter of the branch pipe; t is the wall thickness of the branch pipe. The finite element model shows that the joint ultimate load-carrying capacity is very small when R3 is greater than or equal to 100mm. So R3 is limited less than or equal to 100mm on the ultimate load-carrying capacity calculation formula for the cast-steel joint with three branches. Through regression analysis, the relationship between the chamfer coefficient ρ and KR3 follows a linear relation, which is expressed:
Because these four parameters are independent of each other, the overall formula for the joint load-carrying capacity can be obtained by multiplying them, following the method of establishing the load-carrying capacity of joints in the existing standards, which is expressed as: 
In order to validate the accuracy of Eq. (7), the results of finite element modeling and those of regression formula are compared. The comparison results are shown in Table 2 . It can be found that the error between the calculation formula and the finite element calculation is very small, and the maximum error is 1.9%. It can be concluded that this suggested formula can predict the ultimate load-carrying capacity of the cast-steel joint with three branches accurately. 
Conclusions
The numerical simulation and experimental investigation of a full-scale cast-steel joint with three branches are presented. A typical full-scale model of cast-steel joint was established by SolidWorks and analyzed by ANSYS considering the geometric and material nonlinearity. The corresponding verification experiment was carried out to confirm the numerical simulation. Moreover, the formula for calculating the load-carrying capacity of the cast-steel joint with three branches was presented, which could satisfy the requirement of engineering design. Through the research of this paper, the investigation yields the following conclusions: 1) Through the analysis of the full-scale joint experimental results, the stress distribution of the joint under compression was obtained. Large stresses are mainly concentrated on the core area of the joint, and the stresses in the main pipe and the branch pipes are small. It provides a basis of evaluating the strength and stiffness of joint to meet design requirements.
2) SolidWorks is applicable to establish the model of cast-steel joint with branches. It solved the problem of modeling the joint of tube and tube intersection with smooth transition to be consistent with the actual joint.
3) The finite element model of the test joint was imported into ANSYS for analysis. The finite element results are compared with the experimental results, and the analysis results are consistent with the experimental results. The verified finite element model could be confidently adopted for evaluating effects of joint geometry parameters on the behavior of the three-branch cast-steel joint.
4) Finite element analysis of the joints with different geometric parameters was conducted. The ultimate load-carrying capacity of the joints was obtained. The error analysis between the prediction results and the finite element results of the joint showed the maximum error was 1.9%. Therefore the suggested formula can predict ultimate load-carrying capacity of the joints accurately to meet the requirement of engineering design. It will be an available tool for the geometry parameter selections in the structural design of the joint.
5) The stress level in the branch pipes of the cast-steel joint is low overall. It indicates the wall thicknesses or diameters of the branch pipes could be reduced for optimal designs.
